Abstract -The objective of this work was to identify genomic regions that underlie resistance to Fusarium tucumaniae sp. nov., the causing agent of sudden death syndrome (SDS) in soybean in South America, using a population with a genetic background different from that previously reported for Fusarium virguliforme sp. nov. (F. solani f. sp. glycines), also responsible for SDS in soybean. Although major genes and quantitative trait loci (QTL) for SDS resistance have been identified, little is known about the same disease caused by Fusarium tucumaniae sp. nov., in South America. To identify genetic factors related to resistance to F. tucumaniae and DNA markers associated with them, a QTL analysis was performed using recombinant inbred lines. The map locations of the four loci, here identified, differed from those SDS resistance QTL previously described. It was screened a residual heterozygous line (RHL), which was heterozygous around the most effective QTL, RSDS1, and homozygous for the other genomic regions. The genetic effect of RSDS1 was confirmed using near-isogenic lines (NIL) derived from the RHL. The line which was homozygous for the Misuzudaizu genotype showed resistance levels comparable with that of the line homozygous for the Moshidou Gong 503 genotype.
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Introduction
Soybean sudden death syndrome (SDS) due to the closely related soil-borne fungi Fusarium solani f. sp. phaseoli (Roy et al., 1989; Rupe, 1989; O'Donnell & Gray, 1995; Achenbach et al., 1996) and F. solani f. sp. glycines (Rupe, 1989; Roy, 1997) results in severe field losses of soybean in the U.S. (Wrather et al., 1995 (Wrather et al., , 1997 , Argentina, and Brazil (Rupe & Hartman, 1999) .
A major resistance gene to F. solani f. sp. glycines, Rfs, was divided into Rfs1, the gene for resistance to root infection, and Rft1, the gene for resistance to leaf symptoms (Meksem et al., 1999) . From the analysis of a population derived from the varieties 'Essex' and 'Forrest', and an evaluation of leaf symptoms, it is known that quantitative resistance to SDS is derived from a 'Forrest' allele in a region of linkage group g and an 'Essex' allele in a region of linkage group c2 (Chang et al., 1996) .
Using recombinant inbred lines (RIL) from 'Essex' and 'Forrest', Iqbal et al. (2001) identified four quantitative trait loci (QTL) in linkage group g and one QTL each in linkage groups c2 and i. Three additional QTL for resistance to SDS (one in each linkage groups g, n, and c2) were identified by using RIL derived from 'Pyramid' × 'Douglas' (Njiti et al., 2002) . These loci convey resistance against SDS; however, in South America, SDS is caused by Fusarium tucumaniae sp. nov., which is phylogenetically and morphologically different from Fusarium virguliforme sp. nov. (synonymous with F. solani f. sp. glycines), the causative agent of SDS in North America (Aoki et al., 2003) .
The fungi causing SDS and the resistance genes in soybeans have been well studied. However, additional genetic factors may contribute to SDS resistance, because: another species causes SDS in South America; and the previously identified loci were detected by using relatively limited genetic resources.
Although resistance against the disease is difficult to evaluate under reproductive conditions, one strategy that enables to evaluate resistance is to use near-isogenic lines (NIL), for the genomic regions that contribute to resistance. Analysis of complex quantitative traits, by using NIL derived from RIL, can facilitate the identification and fine-mapping of QTL (Haley et al., 1994; Yamanaka et al., 2005) . Njiti et al. (1998) confirmed the SDS resistance-related genomic regions in linkage groups c2 and g, by using NIL derived from a RIL of 'Essex' and 'Forrest'.
The objective of this work was to identify the genomic regions that underlie resistance to Fusarium tucumaniae using a population with a genetic background different from previously reported materials.
Material and Methods
A population of RIL (Watanabe et al., 2004) for evaluating resistance to F. tucumaniae and for QTL analysis was used. A total of 156 RIL was developed by single-seed decent from the F 2 population. The parentals, Misuzudaizu and Moshidou Gong 503, are relatively susceptible and resistant to F. tucumaniae, respectively. In light of the genotypes of DNA markers, a single line (RH1-73) from the 156 RIL (F 8 ) was identified as being heterozygous around the QTL that contributed mostly to resistance in this population,
RSDS1.
The detailed strategy for screening of the RHL is described in Yamanaka et al. (2005) . In order to confirm the homozygosis of RH1-73 (except for the region of RSDS1), the genotype data of the DNA markers used for previous map construction were utilized (Yamanaka et al., 2001; Watanabe et al., 2004) . A segregating population of 42 individuals (F 10 ) was obtained by selfing of a single F 9 plant, which was heterozygous for the simple sequence repeat (SSR) marker Satt599, the nearest marker to RSDS1. This F 10 population was also used for the resistance test.
The fungus F. tucumaniae sp. nov. MJ161 (GenBank accession no. 238407) was used for inoculation. Biological details of this fungus are given in Aoki et al. (2003) .
Inocula from a single colony cultured for several days on PDA medium (DIFCO) were transferred to sorghumseed medium and cultured for 20 days at 20ºC, under constant darkness. Fungi cultured in sorghum medium were crushed into powder and, then, prepared for inoculation by mixing with fine-grained vermiculite at 2.5% (v/v) ( Figure 1 ).
RIL were inoculated with the fungus by using plastic pot (Paul Forestal SRL, Figure 1 evaluated 40 days after sowing, in the case of plastic pot cultivation, and 14 days after sowing in the case of pot cultivation. The term of cultivation was determined according to the symptoms on parental varieties.
The prevalence of SDS leaf symptoms on each plant was scored according to the following criteria: class 0, no symptoms; class 1, <25% of leaves with symptoms; class 2, 25-50% of leaves affected; class 3, 50-75%; class 4, >75%; class 5, plant dead. Disease index (DX; range, 0 to 100) was then calculated with the formula: DX = 1/5nΣ (0a + 1b + 2c +3d + 4e +5f); in which n is the number of plants tested, and a, b, c, d, e, and f are the number of plants in disease classes 0, 1, 2, 3, 4, and 5, respectively (n = a + b + c + d + e + f). Finally, resistance against F. tucumaniae was evaluated in light of the DX values from the RIL and from he genotypes derived from the RHL, RH1-73. The DX values obtained from two independent tests using RIL have their correlation confirmed by Pearson's correlation.
The molecular linkage map previously generated for these RIL (Watanabe et al., 2004) was used, and the composite interval mapping (CIM) (Zeng, 1993) was performed using QTL Cartographer version 2.0 (Basten et al., 2001) , in order to map and estimate the genetic effects of the QTL associated to plant response against F. tucumaniae. A minimum likelihood ratio (LR) value of 4.6, which is equal to the logarithm of the odds favoring linkage (LOD) value of 2.0, was chosen to confirm the presence of a QTL in a genomic region. The SSR marker Satt599 was used for screening an F 9 plant suspected as being heterozygous for RSDS1 and for genotyping the 42 F 10 individuals. Segregation ratio of Satt599 in this population was checked whether it could fit theoretical ratio, 1:2:1 by χ 2 test. The PCR assay conditions were described by Hossain et al. (2000) . To analyze the genomic composition of line RH1-73, the genotype of this line was checked in each marker region by using the known genotypes of 526 markers in a F 2 map, and of 360 markers in a RIL map (Yamanaka et al., , 2001 Watanabe et al., 2004) .
Results and Discussion
The frequency distribution of DX in the RIL population is showed in Figure 2 . Compared with the parentals Misuzudaizu (45.00) and Moshidou Gong 503 (25.00), the DXs of the RIL ranged from 0 to 57.50 (on average, 31.56). In addition, the RIL phenotypes showed continuous distribution as well as transgressive segregation. These findings corroborate both the quantitative inheritance for resistance against F. tucumaniae in this population and the contribution of each parent with particular resistance alleles. To confirm the phenotypes of the RIL, nine representative RIL (Table 1) were chosen and tested. Although the values of DX did not match completely between the two independent tests, the degrees of resistance were well correlated (r = 0.81).
The composite interval mapping (CIM) of the 156 RIL identified four regions of the genome which were associated with DX ( Figure 3, Table 2 ). In linkage group a1, the two QTL RSDS1 and RSDS3 were identified at SSR markers Satt599 and Satt545, respectively. The allele derived from Misuzudaizu contributed to reduce DX at RSDS1, whereas the Moshidou Gong 503 allele reduced DX at RSDS3. The additive effects of these Figure 3 . Locations of the quantitative trait loci, identified in the present study, for resistance to soybean sudden death syndrome. Linkage groups are assigned according to the consensus soybean linkage map of Cregan et al. (1999) . At the left side of the linkage group are indicated the name of each marker and its genetic distance from the top of the linkage group, as calculated using the Kosambi function. The logarithm of odds (LOD) curve is represented on the right side of the linkage groups.
(1) The markers start with Satt and GM are SSR and RFLP markers, respectively. two QTL were estimated to reduce DX by 4.64 and 3.30, respectively (Table 2) .
RSDS2 was detected in linkage group k, at restriction fragment length polymorphism (RFLP) marker GM055b, as a QTL whose Moshidou Gong 503 allele reduced DX by an estimated additive effect of 3.19. The linkage group i contained RSDS4 at the RFLP marker GM222b. At this locus, the allele derived from Moshidou Gong 503 was associated with reduction of DX, with an estimated additive effect of 2.78.
Two QTL, RSDS3 and RSDS4, have their LOD value between 2 and 3, that is the suggestive QTL described by Lander & Kruglyak (1995) . In addition, segregation distortion is one factor that hinders precise localization of QTL, and GM222b (the marker nearest to RSDS4) shows a skewed segregation ratio (Watanabe et al., 2004) . This distortion makes the allele of Moshidou Gong 503 dominant (χ 2 value = 4.17). It is necessary to confirm the existences and genetic effects of RSDS3 and RSDS4, especially RSDS4, by using material showing normal segregation at their nearest markers, because RSDS4 has a small genetic effect amid distorted segregation.
The four QTL identified apparently do not represent all the genetic factors underlying resistance to SDS, in this population, because the estimated variance explained by these four QTL was <50% (Table 2) , and because the genotype combinations based on them did not always represent the phenotypes of the RIL (Figure 2 ). This discrepancy was probably caused by errors in the phenotypic data and by the difficulty in evaluating resistance against SDS, associated with unstable resistance to F. tucumaniae. Potential solutions to this difficulty include further optimization of the system to reduce stress (Gray & Achenback, 1996; Njiti et al., 2001) , and increased attention to the consistency of components and protocols during the inoculation stage. Nearly 50% of phenotypic variation of this population was explained by four QTL. This result suggests that screening of lines with strong resistance to SDS by marker-assisted selection could be possible.
Three of the four QTL that were identified were mapped to linkage groups different from those of previously reported QTL for SDS resistance. Iqbal et al. (2001) also identified a QTL on a linkage group i where the nearest marker was Satt354, which is about 18 cM from Satt367 , whereas the QTL identified in the present work is about 10.7 cM from Satt367 (Figure 3 ) in the opposite direction from Satt354. Therefore, these two QTL are different from each other. It is conjectured that the QTL here detected differ from those previously identified for F. virguliforme, because different materials for mapping and different fungus isolate were used to inoculate the plants. In addition, the test in greenhouse doesn't make always possible to predict field response of mature plants, because of plant development or inoculum rate (Torto et al., 1996; Njiti et al., 2001 ). Thus, the difference might be derived from the difference in inoculation condition.
Genotyping of Satt599 in the population derived from RH1-73 showed that of 42 F 10 plants used, 9 were homozygous for the Moshidou Gong 503 allele, 23 were heterozygous, and 10 were Misuzudaizu homozygous (Table 3) . These frequencies fit the theoretical ratio of 1:2:1 at 1% level.
In NIL segregating for Satt599, plants carrying the homozygous allele derived from Misuzudaizu had a lower DX than those homozygous for the Moshidou Gong 503 allele. The additive effect of the Misuzudaizu allele estimated from the NIL was -3.56, which is a value close to that obtained from the RIL (-4.64). The heterozygous line, whose DX type was intermediate, did not demonstrate a pronounced dominance effect (value, 0.60). Although RH1-73 was susceptible to F. tucumaniae, despite having two resistance genes (RSDS3 and RSDS4), similar genetic effects on RSDS1 were observed by using NIL and the original mapping population. Two independent tests confirmed the relationship between the NIL and the original mapping population. Table 3 . Evaluation of resistance against SDS, in the population of 42 plants derived from the RHL, for RSDS1. Fusarium tucumaniae sp. nov. MJ161 was used for this evaluation.
Misuzudaizu is a Japanese cultivar and Moshidou Gong 503 is a Chinese half-wild line, and populations derived from this cross contain many highly polymorphic DNA markers and have been used to discover numerous QTL for diverse characteristics (Yamanaka et al., , 2001 Tajuddin et al., 2003; Watanabe et al., 2004) . As expected, progenies of this cross were useful for identifying QTL for resistance against F. tucumaniae. However, the mapping population needs to undergo a further optimized evaluation test, and the effects of RSDS2, RSDS3, and RSDS4 should be confirmed by using RHL for these QTL. The results of these future studies may reveal additional novel QTL, as well as confirm the existence and genetic effects of RSDS2, RSDS3, and RSDS4.
Conclusions
1. Four QTL associated with soybean response to SDS, caused by Fusarium tucumaniae, are located at linkage groups a1, k, and i.
2. They differ from those QTL already described for resistance to SDS caused by F. virguliforme.
3. The presence and genetic effect of the QTL against SDS can be confirmed by using RHL.
